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A new method is described whereby it is possible
to establish equilibrium in aqueous solution
between chromium(III) and different amine
ligands (here ethylenediamine) within 3 — 5 days
at room temperature as far as mononuclear
complexes are concerned. The catalyst used is
charcoal in combination with small amounts of
chromium(II). A constant chromium(II) con-
centration is maintained by electrolytic reduc-
tion of chromium(III).

The hitherto unknown ion, Cr en,en*(OH)*+
(en=ethylenediamine, en*=en as a mono-
dentate ligand) is one of the equilibrium
species, and it was isolated in solution.

The stability constants for the formation of
Cr engt and Cren,(enH)(H,0)*+ from cis-
Cr eny(H,0),2+ were determined in 1 M chloride
medium (NaCl) at 24 °C to be 10°4% and 10°.°
M, and the acid dissociation constants of
Cr en,(enH)(H,0)*+ to be 10~*-4 and 107%-28 M.
The gross stability constant for Cr eng,t+ was
found to be 10'-®* M~2 and the ratio between
cts- and trans-Cr en,(OH),* to be 5.

The equilibrated solutions contain several
polynuclear species among which are the ions
[en,Cr(OH),Cr en,]*+ and the new [Cr{(OH),Cr-
en,};]*+ which we isolated as various salts. The
latter is the chromium analogue of Werner’s
brown cobalt salt.

Attempts to study equilibria between chro-
mium(IIT) and ligands in aqueous solution are
complicated by the robustness of chromium (IIT)
complexes. Therefore very little has been pub-
lished in this field. Cobalt(III) complexes are
in many ways analogous to those of chromium-
(IT1I), and cobalt(III) likewise exhibits this
robust behaviour. Bjerrum * showed, however,
that it is possible to obtain equilibrium between
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cobalt(I1I) and ammonia if charcoal is used as a
catalyst, a method which has later been used
with other ligands, among them ethylenedia-
mine.?

It has been shown that charcoal reduces a
little of the cobalt(III) to cobalt(II).*~% Charcoal
alone does not seem to have any catalytic effect
on chromium(III) but if chromium(IT) is added
as well, the robustness is strongly reduced.®®
This has been used in attempts to establish
equilibrium between chromium(III) and am-
monia by adding charcoal to concentrated am-
monium chloride solutions containing different
amounts of ammonia and all the chromium
initially as chromium(II).® Chromium(ITI) alone,
like charcoal alone, does not establish equi-
librium in such solutions. When both are
present, charcoal, besides its catalytic effect on
chromium(III), also catalyzes the oxidation of
chromium(II) by the medium:

Cr(11)+ H(I) LY Cr(1II) + H(0) (1)

This has the disadvantage that all chromium(IT)
may disappear before equilibrium is reached.
‘We present here a new method based on the
same catalyst, 7.e. chromium(II) and charcoal.
By electrolytic reduction of chromium(III) to
chromium(II) it is possible to maintain a
constant concentration of chromium(II) because
a steady state is reached when the amount of
chromium(IT) removed by reaction I equals the
amount generated by electrolysis. In this way
it is possible to choose a suitable catalyst
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concentration and keep it for days without any
changes in the medium, except for a small H(I)
consumption due to the continuous reduction.

We have applied the method to several
chromium(III) complex equilibria. This paper
concerns the equilibria between chromium(IIT)
and ethylenediamine. Such equilibria have been
studied before mainly by Woldbye,® who deter-
mined the ratio between c¢s- and ¢rans-[Cr en,-
(OH),]t (en==ethylenediamine) and measured
the acid dissociation constants for the diaqua
and hydroxo aqua tetramine complexes.

EXPERIMENTAL

Procedure. A typical experiment was carried
out as follows. A 100 ml flask was equipped with
an inlet and outlet for nitrogen gas freed from
oxygen by a washing-flask with Cr(II)-solution.
At the bottom of the 100 ml flask were two
mercury electrodes which could be filled with
pure mercury from outside. One mercury elec-
trode served as cathode in combination with a
platinum anode separated from the cathode
chamber (containing the chromium(III) solu-
tion) by the membrane of a Radiometer K 401
calomel electrode. The other mercury electrode,
together with a saturated calomel electrode,
registered the emf of the solution. Furthermore,
the flask was provided with a thermometer, a
valve for taking out samples without letting in
oxygen, and a magnetic stirrer. The gas outlet
ended under water or ethanol so that with a
calibrated gas burette it was possible to measure
the volume of hydrogen evolved.

The 50—100 ml solutions containing chro-
mium(ITT) and ligands were placed in the
cathode chamber. The compositions of such
solutions are given in Fig. 1 and Table 1. In the
anode chamber we used 2 M H,SO,, so that the
current through the membrane was mainly

Table 1. The composition of the solutions having [Cl~]=

established by hydrogen ions, in order to make
the pH-change in the chromium solution as
small as possible. After addition of charcoal and
after removal of oxygen a voltage of about 10 V
was applied, giving rise to a current of 5—15
mA. After 0.5 — 1 h the emf dropped to ca. —1.1
V and a distinet change in the solution had then
taken place. The hydrogen evolved, now equiv-
alent to the current, maintained a slight over-
pressure in the flask, which was kept like this,
12.e. with [Cr(II)]}/[Cr(III)]~0.01, for 3—5 days.
At this time equilibrium was reached and the
current was switched off. The solution was
analyzed when the small amount of chromium-
(ITI) had been oxidized to chromium(III) by the
medium. The robustness of chromium(IIT)
facilitated the further investigations of such
solutions.

All the experiments were carried out at
(244 1) °C. The amount of charcoal and the
current could be varied within wide limits, but
the use of 1-2 g of charcoal per 1 and the
above-mentioned conditions were found to pro-
duce the best catalytic effect.

Analysis of the medium and of the distribution
of chromium(I11) complexes in the equilibrium
solutions. The solutions were analyzed for the
total content of chloride, nitrogen (Kjeldahl)
and chromium (atomic absorption spectropho-
tometry) before and after equilibration; the pH
of the solutions was measured with a glass
electrode and the amount of basic components
was determined by titration with 0.1 M hydro-
chloric acid. The amounts of different chro-
mium(III) species were determined by atomic
absorption spectrophotometry after separation
by cation-exchange chromatography on columns
of Sephadex SP-C-25. No significant changes in
the medium were observed. Initial difficulties
with some solutions losing chromium during the
reaction were overcome by thorough rinsing of
the equipment. The most important results of
1:het3((ai analyses are given in Fig. 1 and in Tables
1 and 2.

1.0 M (NaCl). The determination of the concentra-

tions of free enH,?t, enH*, and en are based on a total nitrogen analysis (Kjeldahl), a correction
for coordinated en, on our determination of the acid dissociation constants of enH,2t+ (Table 3), pHe,,,
and on a determination of basic components by titration with 0.1 M HCL “tris” and ¢bis”
refer to [Cr en,]Cly.3H,0 and trans-[Cr en,Cl;]C1.H;0, respectively.

Experiment No. 1 2 3 4 5 6 7 8 9 10
Final PHexp 8.54 9.01 9.16 9.71 9.71 9.76 9.78 9.78 10.48 10.49
Total conc. of N (M) 1.05 1.17 1.10 1.03 1.13 1.02 1.04 1.02 2.88 2,92
[enHy2+] (mM) 44 16 11

[enH+] (mM) 456 517 476 367 404 353 3565 348 461 460
[en] (mM) 10.9 36.6 47.6 130 143 141 148 145 964 983
C¢ (mM) 10.65 15.76 10.25 13.7 9.82 13.30 11.45 13.7 6.2 15.9
Initial Cr(III)-comp. tris bis tris tris bis tris bis bis tris tris
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Table 2. The content, in mol-9,, of the mononuclear complexes relative to the total chromium(III) content.
CrN,O, refers to the sum of cis- and trans-Cr en, (OH),* and cis- and trans-Cr en,(OH)(H,0)*+; CrN,O is
the sum of Cr engen*(OH)?+ and Cr en,(enH)(OH)?+., The hydrolysis constants for reactions II and III are

given at the bottom of the table. (

) denote analyses repeated after one year.

Exp. No. 1 2 3 4 5 6 7 8 9 10
% CrN,O, 58 79 87(84) 93 92 93 93 95 100 98
9% cis-Cr eny(OH),+  46.0  64.7 71.7 778 767 715 7150 79.2 83.3 817
% CrN,O 4.0 2.8 3.0(3.1) 1.83 28 2.1 3.1 176 1.06 1.5
% Cr enyen*(OH)2+ 142 173 2.08 1.3 249 1.89 281 1.59 1.04 1.47
9% Cr eng3+ 8.8 5.9 3.1(3.0)0 099 1.0 1.0 1.0 1.0
Kyglcisy (M) @ 100 80 112 81 88 69 66 66
hs/cisa 148 193 16.56 174 1256 145 9.8 17.3 369 256
hertransy (M) Average: 16.6
hs/transe (M) Average: 3.7

@ Average 83. b Average 18.5.

The separations on cation-exchange columns
of Sephadex SP-C-25 are described in the
following in more detail. The separations were
made in acid as well as in basic solution on
columns 1.2 cm in diameter and ca. 5 cm long,
protected from light when necessary. During
the separation solutions were cooled in ice to
prevent further reaction and separations were
carried out as fast as possible (4 —1 h).

For the acid separation 5 ml of the equilib-
rium solution (C¢,=0.01—0.02 M) were diluted
with water (0 °C) to 100 ml and acidified with
hydrochloric acid to pH~3. This solution was
applied to the column with 0.5—1 atm over-
pressure and eluted with sodium chloride solu-
tions of concentrations increasing from 0.2 to
2.0 M (pH~3). This divided the chromium
mixture into several bands of cations with
increasing charge, at least as regards mono-
nuclear complexes. The first contained cis- and
trans-Cr en,(H,0),*+ and Cr eng+, the second
Cr eng(enH)(H,0)*+ (see later) and en, Cr(OH),-
Cr en,tt, In the following 4—5 violet bands it
was not possible to identify any mononuclear
complexes. These bands are therefore assumed
to contain polynuclear complexes exclusively.

For the basic separation § ml of the equilib-
rium solution were diluted with water (0 °C) to
75 ml. After application to the column it was
eluted with an ammonium chloride-ammonia
buffer with [NH,;]= 0.1 M and [NH,*] increasing
from 0.15 to 2.0 M. This divided the mixture
into the following bands of mononuclear com-
plexes with increasing charge: A first band
containing c¢s- and trans-Cr en,(OH),t, a second
containing Cr en,en*(OH)%*t (see later), and a
third one containing Cr en,®t. At the bottom of
this band was a band of en,Cr(OH),Cr en,*;
mixed with another unidentified polynuclear
complex. The subsequent violet bands (up to
four) contained polynuclear species. In this
basic separation a few per cent of the chromium
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remained on the column, even after elution with
2 M NH,CIL.

From these two methods of separation and a
combination of them it was possible, by chro-
mium atomic absorption spectrophotometry, to
determine the amounts of most of the different
chromium species in the equilibrated solutions.

Identifications of the chromium(III) com-
plexes. Several methods were used to identify
the chromium species and to verify that the
separate bands did not contain significant
amounts of undetccted species. Visible spectro-
photometry and analyses of the molar ratio
between chromium and nitrogen after removal
of nitrogen not bound to chromium were per-
formed directly on the eluates. It was possible
to obtain eluates rather concentrated with
respect to chromium by applying a less con-
centrated eluate to a new short column after
this less concentrated eluate had been diluted
further 5—10 times. By eluting this short
column with a concentrated (2 — 4 M) electrolyte
we obtained eluates with [Cr(III)]~0.1—-0.2 M.
These eluates were very suitable for precipita-
tions of salts and in this way we isolated, among
others, salts of Cr en®+ and some of the poly-
nuclear complexes (see later) which could then
be further analyzed.

The eluates with high chromium concentra-
tions were also suitable for ESR spectroscopy..
Such eluates were diluted x 2 with glycerol and
cooled to — 130 °C within 1— 2 min, after which
the ESR spectrum of the frozen glass was taken.
Such spectra appeared to be good fingerprints
which could be compared with those of known
chromium(III) complexes, and they also served
as a convenient means to determine the ratio
b;)i;ween trans- and cis-Cr en,y(H,0),2t+ (see Fig.
3).

Other properties, in addition to the methods
mentioned above, contributed to the identifica-
tion of the complexes, among them the acid-
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Table 3. Relovant acid dissociation constants determined by glass electrode measurements. pKgapen
for Cr en,(enH)(H,0)*+ was determined on the basis of elution rates (see Fig. 5).

Acid (abbr.) PKs, PKsa Medium Reference
7.52 10.16 1 M CI” (NaCl) This work
enH,*+ 7.49 10.17 1 M KNO, Poulsen & Bjerrum 2
7.44 10.06 1 M KCl1 Pecsok & Bjerrum
Cr en,(enH)(H ,0)+ 4.4 1 M NaCl This work
(pen) 8.8 0.25 M NH,Cl This work
cis-Cr en,(H,0),*+ 4.80 7.17 1 M NaNO, Woldbye °
18
trans-Cr eny(H,0),3+ 4.08 7.49 1 M NaNO, Woldbye *®
(trans)
base properties (see Table 3) and the elution RTI
rates which, as mentioned above, gave an Thus[Cr(IDk= Zmy— g Tot), =
indication of the charge. 8o o
Determination of the chromium(II) content 0.0158 I at 24 °C
during the equilibration. This and other inves- : Vea * (OE/08), ’

tigations % show that it is possible to use
mercury as an inert electrode in order to
measure the potential in solutions such as the
equilibrium mixtures described here. With a
mercury electrode it was possible to follow the
potential during equilibration, and when equi-
librium was obtained it was possible to measure
the potential and at the same time determine
the chromium(II) concentration (see Fig. 4) by
one of the following methods.

The content of chromium(II), [Cr(II)],, in the
steady state, where the amount of chromium(II)
generated by electrolysis equals that removed
by the charcoal-catalyzed oxidation to chro-
mium(III), was determined by measuring the
volume of hydrogen evolved, according to eqn.
1, after stopping the electrolysis.

[Cr(II)], was also determined by measuring
the current, I, in the steady state and (9E/ot),
after stopping the electrolysis (see Fig. 4). From
E=FE'+ (RT[F)In [Cr(III)]/[Cr(II)], assumed to
be valid under our conditions for the total
concentration of Cr(III) and Cr(II), one finds
by differentiation with respect to time, ¢, and
substituting [Cr(1II)]= Cq —[Cr(II)]:

oF RT Ocr o[Cr(I1)]
ot =7 F [CrID){Co—[CrIT)} @t

The rate of oxidative removal of chromium(II)
at ¢=0 is thus (9[Cr(I1)]/0t), = — (F/RT)[Cr-
(IT)1,(2E[0t);—5 o+ (when Cg3>[Cr(II)]), which in
the steady state equals the rate at which chro-
mium(IT) is generated by electrolysis, <.e.
I/(FVy,) where V., is the volume of the solu-
tion.

where I is in mA, Vg, in ml and (9E/dt), in
mV/min.

We have several reasons to believe that all
the current is used for the reduction of chro-
mium(III) to chromium(II) namely the good
agreement between the two methods, and the
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Fig. 1. The content, in mol per cent, of
Crengt ( CrN,), Cr enzen*(OH)*+ +
Cr engenH(OH)*+ (—-— CrN;O), and Cren,

(OH),* (- - CrN,0,) as a function of log Ce,
and log Cep, opc1* Cor=0.05 M and Cep g =4 M.
The distance AB is set to 2.6 log units, ¢.e. the
difference between the acid dissociation con-
stants pKgenya and pKgiengs found by pH-
measurements in the neighbourhood of the point
C referring to a solution of 4 M ethylenediamine
hgdrochloride. [Cr en,]Cl3.3H,0 ([]) and trans-
[Cr en,CL,]JCL.H,0 (O) were used as starting
materials.
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Fig. 2. The content, in mol per cent, of Cr ena’+ Cr enyen*(OH)2+ and Cr en,(OH),* as a function

oftlme Ccr=0.05 M, Cepyic1 =4 M, a,ndC

—-— O Uncatalyzed starting with [Cr en,,]Cla 3H,O
- - = O: uncatalyzed starting with ¢rans-[Cr en,Cl,]C1.H,0;

: catalyzed starting with [Cr en;]Cl;.3H,0;

« - «: catalyzed starting with #rans-[Cr en,Cl,]Cl. H,0.

fact that the hydrogen evolution, when starting
with [Cr(I1)]=0, increases slowly until the
steady state is reached, whereas no hydrogen is
evolved when there is no charcoal present.
Finally, addition of known amounts of chro-
mium(II) sulfate confirmed the validity of both
methods.

Chemicals and apparatus. All chemicals used
were reagent grade or analyzed by us. [Cr en,]-
Cl,.3H,0,11 trans-[Cr en,Cl,]C1.H,0,? ¢is-[Cr en,-
(H,0),]Br;,2* and trans-[Cr en,(OH)(I-I,O)]Br,
H,0 2 were prepared according to or analo-
gously to the reference methods and were
analyzed for Cr, N, and halogen. All analyses
agreed within 1—2 9, (relative) with the given
formulae. The charcoal used was a Norit W
product.

Visible spectra were taken on a Cary 14 or a
Bausch and Lomb Spectronic 505 recording
spectrophotometer, and ESR spectra on a Jeol
JES-ME-1X. A Perkin-Elmer 403 Atomic Ab-
sorption Spectrophotometer was used for chro-
mium analysis. All emf and pH measurements
were performed with a Radiometer PHM 52,
the G 202 C glass electrodes used being tested
in the relevant media according to Bjerrum.!

RESULTS

Equilibria studied. We have studied the
following hydrolysis equilibria:

Cr eng®t+ +en+2 H,O=

Cr eny(OH),t + 2 enH* (II)
Cr engen*OH?*+ + H, 0=
Cr en,(OH),* + enH+ (IIT)
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and in addition to these the cis-trans equilib-
rium:

trans-Cr en,(OH),+<=c¢is-Cr en,(OH),+

These are equilibria between well known
species with the exception of Cr en,en*OH?*+,
where en* denotes en binding as a monodentate
ligand. A more detailed description of the
properties of this complex, which is able to take
up two protons, is given later in this section.

Fig. 1 gives the results of equilibration in 4 M
ethylenediamine hydrochloride. In this medium
the predominant complexes are the three mono-
nuclear ones shown. No hydrolysis constants are
given as the medium is far from constant,
especially at high [enH,?*+] and high [en]. The
ratio between cis- and trans-Cr en,(OH),+ was
found to be ca. 10 by ESR measurements (see
later).

Equilibrium was also achieved without ca-
talysis in solutions with the same initial com-
position as those in Fig. 1 with log C.,=0.3.
Fig. 2 shows these catalyzed and uncatalyzed
equilibrations and gives an impression of the
increase of rate due to the catalyst. It is seen
that the same final composition is reached
independent of the choice of initial chromium
compound and of whether the catalyst is used
or not.
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Fig. 3. First derivative ESR spectra of frozen
glasses (— 130 °C) at 9.3 GHz. The medium was
a 1:1 mixture of glycerol and 2 M LiCl (exp. 8:
1 M NaCl) with [H+] ~0.001—0.01 M and
Cer=0.01—0.1 M.

Left: Mixtures of ¢is- and trans-Cr en,(H,0),3+
from ¢is-[Cr en,(H,0),]Br; and trans-[Cr en,-
(OH)(H,0)]Br,.H,0, respectively (% =mol per
cent).

Right: Spectra of the acid ion-exchange bands
from exp. 1 (Tables 1 and 2) and from a 4 M
enH+-exp. (Fig. 1), containing cis-and trans-
Cr en,(H,0),3t+, eluted with 2 M LiCl. In the
middle is shown the spectrum of the unseparated
equilibrium solution from exp. 8 after addition
of hydrochloric acid.

In order to determine the stability constants
for chromium(III) and ethylenediamine we
made a series of experiments in & constant ionic
medium where the chloride concentration was
kept at 1 M with sodium chloride. The composi-
tions of the solutions in this series are given
in Table 1. During the equilibration the pH
varied at most 0.1 pH-unit. When analysis
showed that there had been no change in the
amounts of the different chromium complexes
for a day or two the catalysis was stopped. The
results of a final analysis of the content of
Cr eng?t+, CrN,O, and CrN,O, are given in Table 2.

The ratio between cis- and trans-CrN,O, was
determined from ESR spectra of frozen glasses
of the CrN,O,-eluate and also of solutions Nos.
7 — 10 without preceding separation (Fig. 3). We
did not succeed in separating cis- and frans-
CrN,O; by ion-exchange chromatography but

the ESR spectra enabled us to detect even
small amounts of ¢rans in cis, as shown in Fig.
3. The content of trans in CrN,0, was measured
to be between 15 and 19 9, in the series,
corresponding to

q2=[cis-Cr en,(OH),*]/[trans-Cr en,(OH),*]=5
in good agreement with Woldbye’s result.’

We determined the acid dissociation constants
of enH,2t+ and of Cr en,(enH)(H,0)** in media
similar to those used in exp. 1 — 10. The results
are given in Table 3 together with relevant
constants determined by other workers.

With ¢,=25 and with the aid of Table 3 it is
possible to calculate the equilibrium amounts of
Cr en,(enH)(OH)*+ and of Crenyen*(OH)*+
comprising the CrN;O-eluates, as well as the
amounts of cis- and trans-Cr en,(OH)H,0%+ and
cis- and rans-Cr en,(OH),* comprising the
CrN,O,-eluates. This is done in Table 2.

From the analytical results in Tables 1 and 2
it is now possible to calculate the hydrolysis
constants for reactions II and III, that is

[cis-Cr en,(OH),t[enH+]
[Cr eng*t][en]

Ky cise =

and the analogous Kyg/irans, and
[cis-Cr en,(OH),+][enH+]
[Cr en,en*(OH)?t]

Khsl cise =

and the analogous Ky, transq.

These constants for the exp. 1 —10 are given
in Table 2.

The 3rd consecutive stability constant, Kj,
for the reaction Cr en,(H,0),*+ + en=Cr eng+ +
2H,0 is derived from Tables 2 and 3:

[Cr eng3+]
[cis-Cr eny(H,0)2+[en] —
Kscis Ksacis

Kyois=

KSzenHz Khel cisa

giving  Kgo=1084 M~
Ktrans= 10753 M1,

K’ for the reaction

Cr en,(H,0),*t + enH+<Cr en,(enH)(H,0)*+ 4
H,0

is also derived from Tables 2 and 38:

and analogously

, [Cren,(enH)(H,0)*+] _
K'scis = [675.Cr ong(H,0),5 T jlenEF]
Kgyois Kgacis

Krsiciss Ksipen Ksapen
Acta Chem. Scand. A 29 (1975) No. 4
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4. The electrode potential, measured between a mercury electrode and a saturated

calomel electrode, for a typical experiment as a function of time, and its first derivative.

giving K’;s=10"° M and analogously
Kllmans= 1002 M.

The gross stability constant from emf-measure-
menits. During the equilibration period the elec-
trode potential, E, between a mercury electrode
and a saturated calomel electrode was followed
continuously. Typical behaviour is shown in
Fig. 4. The solution was at the final state of
equilibration, and at —7 and —5 min a pure
mercury surface was established by addition of
new mercury to the electrode. £ in the steady
state, E,, was measured as the lower points at
—7 and —5 min, and [Cr(II)] at =0 was
calculated from (0E/o0t),=10 mV/min (see exp.
section) to be 0.35 mM. Measurement of the
volume of hydrogen evolved between ¢=0 and
t=10 min (0.42 ml) gave [Cr(II)]=0.34 mM.
Table 4 shows the measurements on solutions
1—3 in their final state of equilibration. From
these data one can estimate the stability
constant B,.s for the reaction Cr(H,0)st++
2en=2¢is-Cr en,(H,0).*+ + 4H,0:

log Buis=1og Byt + pKgycis + PEgscis —

2pKgsenn, — (Hy+ 652)/59 +

[ets-Cr en,(OH),+][enH ]2
[en]*[Cr(1L)]

log

where B,II is the gross stability constant for the
uptake of 2 en by Cr?t. log 8,/ has been deter-
mined to be 9.19 in 1 M KCL,* and nearly all
the Cr(II) will be present as Cr en,*+ in exp.
1—10. *“652” is the sum of the standard poten-
tials of the Cr?+—Cr¥+ couple and of the
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saturated calomel electrode (410 mV ® and 242
mYV, respectively). The pKg values are given in
Table 3. Table *4 gives the values of log By
as found from the emf-measurements.

The gross stability constant for Cr*+ binding
3 en is then given by fy= fsis Ksis = 1015 M3,

Table 4. log P,is determined from measure-
ments of [Cr(II)] and the electrode potential
E, between a mercury and a saturated calomel
electrode in solutions 1— 3 at their final state of
equilibration.

Exp. — K, [Cr(II)] log Biis
No. (mV) (mM)
1133 0.39 13.32
1139 0.91 13.06
1 1187 1.92 13.55 13.38
1139 0.356 13.47
1140 0.34 13.50.
1128 0.35 12.67
1145 0.47 12.83
1160 0.80 12.85
2 1134 0.50 12.61 12.74
1160 0.55 13.01
1135 0.68 12.50
1150 0.69 12.74
1166 0.31 12.92
3 1175 0.37 12.99
1142 0.150 12.83 12.99
1120 0.025 13.23
Average of exp.
Nos. 1—-3: 13.04
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Fig. §. The elution rate on Sephadex SP-C-25,
Viets Of Cr eny(enH)(OH)3+ 4 Cr en,en*(OH )2+
relative to that of Cr engt as a function of pH.
The eluting agent was 0.25 M NH,Cl with vary-
ing concentrations of NH,. pH was measured
with a glass electrode (tested in this same
medium according to Bjerrum 1) before (O) and
after ([7]) elution.

The Creny(enH)(H,0)'t ton and its de-
protonated forms. This ion, believed to be an
intermediate in the acid hydrolysis of Cr en3+ &
and recently found as such in this laboratory,”
is, in its two basic forms, among the mono-
nuclear complexes present in the equilibrium
solutions dealt with above. As it has not been
described in the literature so far, we shall give
here a few details. The acid dissociation con-
stants of the protonated ion are given in Table 3.
Owing to the lower robustness in basic solution
pPKg: was determined from the elution rate
relative to that of Cr eng®t, using 0.26 M NH,CI
with varying concentrations of ammonia as
eluent (Fig. 5), because we found that robustness
of many of the complex ions is significantly
higher when bound to the resin. A similar
magnitude of pKg for enH+ bound to chro-
mium(III) has been found for (NH,),Cr(OH)-
(NH,;)enH®t, namely 8.42 in 0.1 M KCI at
20 °C.18

The visible spectra of the ions are shown in
Fig. 6. The visible spectrum and the ESR
spectrum of Cr en,(enH)(H,0)*t are identical
with those of the acid hydrolysis product of
Cr eng?t+.17 Attempts to isolate salts of the ions
resulted only in an amorphous, hygroscopic
powder, most of which changed within hours
into Cr eng®+ salt. Thus, out of the two possible

isomers we believe that we are dealing mainly
with the one having enH+ (en*) and H,O (OH)
cis to each other.

Polynuclear complexes. It appears that the
mononuclear complexes quoted in Table 2 only
form part of the total chromium(III) content.
The ion-exchange separations showed at least
five other bands, presumably all consisting of
polynuclear complexes. It has not yet been
possible to determine any equilibrium constants
involving polynuclear complexes owing to the
difficulties in separating and identifying them.
Similar investigations with ammonia as ligand
show 1* that equilibrium is established much
more slowly, if at all, among the polynuclear
than for the mononuclear complexes.

While the visible spectra of the polynuclear
species isolated in solution by ion-exchange
chromatography only show small differences, the
ESR spectra of their frozen glasses have served
as a very useful means of identification and
recognition as they are often very different. The
content of polynuclear species increases with
increasing [Cr(I1I)] and increasing [H+] and two
of themm have been identified, »iz. the diol,
en,Cr(OH),Cr en,*+, which was isolated as the
iodide, and Cr{(OH),Cr en,},*+, the chromium
analogue of the tetranuclear cobalt(III) complex

20

0

300 400 500 600 700 nm
Fig. 6. The visible spectra of Cr en,(enH)-
(H,0)4+ ( ) and Cr en,en*(OH)*t (-~ - =)in
2 M LiCl. The former spectrum was measured
directly on a 2 M LiCl eluate of Cr en,(enH)-
(H,0)*+ from Sephadex SP-C-25, and the latter
after addition of 12 M NH, to give [NH,]=0.5
M. Both spectra were measured twice with an
interval of 5 min, and no changes were ob-
served.
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Table 5. Comparison of stability constants for Cr(III), Co(I1I), and Ni(II) with en.

log K, log K, log K, log B, Ref.
Cr(I11) 6.4 19.5 This work
<6.2 Woldbye *°
Co(I1I) 13.3 48.7 Bjerrum & Rasmussen ?
‘Woldbye °
Ni(IT) 7.51 6.35 4.42 18.3 Poulsen & Bjerrum 2

often referred to as Werner’s brown salt.!®* We
discovered this tetranuclear ion through its
hydrolysis products in concentrated perchloric
acid, and isolated the nitrate and iodide.?* A
more detailed report of our investigations of
polynuclear chromium(III) complexes'will be
published later.!®

DISCUSSION

From the results obtained we conclude that
equilibrium among the mononuclear chromium-
(III) ethylenediamine complexes is indeed
achieved by this catalytic procedure. We em-
phasize, in support of this conclusion, that the
necessary condition is fulfilled that no further
change is observed after some time. The final
distribution of mononuclear complexes is inde-
pendent of the initial chromium(III) compounds
used and no difference in distribution is ob-
served if the catalyst is not used at all (Fig. 2).
Table 2 shows in addition a repeated analysis of
the solution from exp. 3 after a year without
catalyst. The differences from the first analysis
are within the experimental error. Finally, the
law of mass action is well obeyed, permitting
the determination of the stability constants
described in the previous section. The mercury
electrode used for emf-measurements seems to
work satisfactorily. This has been confirmed by
similar investigations with, among others, am-
monia and EDTA as ligands.”'® The high over-
voltage of mercury towards hydrogen prevents
the evolution of hydrogen in all these cases.

Fig. 2 illustrates the catalytic effect of Cr(II)
and charcoal in 4 M ethylendiamine hydro-
chloride. Woldbye’s investigation of the ethyl-
enediamine system ® shows that in a solution
very similar to exp. 6 —8 (NO,~ instead of CI™)
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equilibrium is not reached within 50 days
starting with Creng+, whereas the present
method requires only 3 —5 days. The cis-trans
equilibrium is established without catalysis
within a few days according to Woldbye.®

Table 5 compares the equilibrium constants
resulting from this investigation with other
relevant constants. Chromium(III) is inter-
mediate in stability between nickel(II) and
cobalt(III), lying nearer to nickel(II). This same
behaviour is observed with ammonia or EDTA
as ligand.1®

1 1 1
Our value of K, ( R,~ Eun + Kmus)
agrees reasonably well with Woldbye’s esti-
mate ® of K< 10%2 (owing to a calculation error
the reference quotes K< 10'°-%), which is based
on the assumption that there is less than 0.5 %,
Cr engt in his solutions. We find, using K;=
1084, that there is 0.8 %.
If one considers the equilibria

cis-Cr en,(OH)(H,0)*+ + en=
Cr enzen*(OH)?+ 4+ H,0 and

cis-Cr en,(OH)(H,0)*+ + enHt+ =
Cr en,(enH)(OH)*+ +H,0

with the stability constants K, and Kjg, re-
spectively, then the stability ratio between
en* and enH* is K,/Kp= Kgsen/Kgsenm, = 10*-
(Table 3). Assuming this same ratio for en* and
enH+ binding to c¢is-Cr en,(H,0),*t+, one finds
the stability constant for the reaction

cts-Cr en,(H,0)3+ +ens=
Cr enzen*(H,0)3+ +H,0

K" =K' K,[Kpg=10"¢ M7, that is nearly
the same magnitude as we find for chromium-
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(III) and ammonia '° (K=10¢ M™!). Also, for
silver(I) 2! and mercury(II) #2 it has been found
that the stability of the complexes with am-
monia and with monodentate ethylenediamine
is of the same magnitude.

As mentioned above the method has been
applied to other chromium(III) systems and we
have, in this way, established equilibrium with,
among others, ammonia, EDTA and 1,2-pro-
panediamine.!* However, the method seems to
fail with glycine and non-amine ligands such as
oxalate and thiocyanate, where we have so far
been unable to build up a steady state with
constant chromium(II) coneentration, and equi-
librium has not been obtained in these cases.
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